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Melanogenesis caused by UV exposure is character-
ized by proliferation and differentiation of function-
ing melanocytes in epidermis. Recently, the
existence of precursor melanocytes in normal skin
was proposed immunohistochemically. Thus, this
precursor melanocyte seems to proliferate and differ-
entiate into mature pigmented melanocytes after UV
exposure. To elucidate how these processes occur,
we examined C57BL mouse epidermal sheets after
UV exposure immunohistochemically. In normal
epidermis, TRP-1+ cells and Kit+ cells were easily
identi®ed and the cellularities were 41.0 and 31.7
cells per mm2, respectively. Only a few Mitf+ cells
and no TRP-2+ cells were observed. On the ®rst day
after UV exposure, Mitf+ cells and TRP-2+ cells
appeared, whereas the numbers of TRP-1+ cells and
Kit+ cells decreased. Some Kit+ cells also expressed
Mitf, but no TRP-1 and Mitf double positive cells
were seen. In this period, some Mitf+ cells were
labeled with BrdU. The next day, Mitf+ cells and
TRP-2+ cells increased to the maximum cellularity,
and they decreased thereafter and disappeared on the
seventh day. An increase of TRP-1+ cells was ®rst
identi®ed on the ®fth day after UV exposure, and
reached a cellularity four times as great as that of the
normal control on the fourteenth day. The subepi-
dermal injection of Kit antibody attenuated the
increase of Mitf+ cells and TRP-1+ cells. These ®nd-
ings suggested that precursor cells that reside in the
skin, ®rst differentiated into Mitf+ and TRP-2+ mel-
anocytes by the activation of the Kit receptor, then
become mature TRP-1+ melanocytes after UV
exposure. Key words: differentiation/melanogenesis/Mitf/
SCF/skin. J Invest Dermatol 116:920±925, 2001
U
V exposure has well-documented melanogenetic
effects in human skin. It has been shown that
human skin exposed to the sun continually contains
more 3,4-dihydroxyphenylalanine (Dopa)-reactive
melanocytes than that not exposed to the sun
(Gilchrest et al, 1979). In experimental animals, the increase of
melanocytes has been observed during a cutaneous hyperpigmenta-
tion process induced by UV exposure (Quevedo et al, 1965;
Mishima and Widlan, 1967; Jimbow and Uesugi, 1982; Imokawa et
al, 1986; Rosen et al, 1987). Thus, how melanocytes increase in
number after UV stimulation has been a great concern of many
investigators. Previous studies suggested that recruitment of
melanocytes or their precursors from the outside of the epidermis
hardly contributes to the proliferation of melanocyte after UV
exposure (Rosdahl and Szabo, 1978; Uesugi et al, 1979). The
authors also emphasized that epidermal melanocytes have mitotic
activity and are capable of proliferating in humans and mice;
however, a number of investigations indicated that UV irradiation
has rather inhibitory effects on the proliferation of terminally
differentiated melanocyte, whereas melanin synthesis of them is
activated (Abdel-Malek et al, 1994; Medrano et al, 1995). Then, the
question is where are increased melanocytes derived from?
Recent progress in understanding melanocyte differentiation has
revealed that Kit+ nonmelanotic cells in the skin are putative
melanocyte precursors (Wehrle-Haller and Weston, 1995). Kit is a
receptor type tyrosine kinase and plays an important role in
melanocyte development (Nishikawa et al, 1991), together with
its ligand, stem cell factor (SCF). Grichnik et al proposed that Kit+,
BCL-2+, and TRP-1± cells constitute a precursor melanocyte
reservoir of human skin (Grichnik et al, 1996). They also indicated
that the stem cell factor (SCF)/Kit pathway plays a critical role in
the control of normal human melanocyte homeostasis (Grichnik
et al, 1998). A biochemical study revealed a signaling pathway, in
which Kit transactivates the tyrosinase gene via upregulating
phosphorylation of Mitf, a key transcription factor in melanocyte
development (Hemesath et al, 1998). Thus, Kit+ cells are expected
to contribute to the melanocytegenesis caused by UV exposure as
melanocyte precursors. In this report, we examined mouse UV-
exposed epidermis immunohistochemically, using antibodies
against Kit and other melanocyte markers, TRP-1, TRP-2, and
Mitf, which are expressed at different developmental stages of
melanocyte lineage. We observed dynamic changes of numbers of
positive cells for these markers, and the results suggested that Kit+
cells differentiated to Mitf+ and/or TRP-2+ cells ®rst, and then to
TRP-1+ cells. In addition, we revealed that mRNA expression of
SCF is upregulated in UV-exposed skin and blocking Kit signal
attenuates melanocytegenesis after UV exposure. These results
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altogether strongly support that Kit+ cells contribute to melano-
cytogenesis as precursor cells.
MATERIALS AND METHODS
Animals Male C57BL/6 mice were obtained from SLC (Hamamatsu,
Japan). Each experiment was performed with 7±9-wk-old aged-matched
mice. The animals were cared for according to the International Guiding
Principles for Biomedical Research Involving Animals (published by The
Council for International Organization of Medical Science). The present
experimental protocol was planned according to these guidelines and
permitted by the animal committee in our company.
UV irradiation UV ray radiation was administered using a bank of
six un®ltered FL20S-E sun-lamps (Toshiba, Tokyo, Japan). The energy
emitted from these lamps was within the UVB range (280±320 nm) and
the peak emission was at 305 nm. Mice were irradiated only once with
0.18 J per cm2 of energy, previously determined to be 1.5 MED for the
57BL/6. Skin samples were taken from the mice of 1±14 d after UV
exposure and from normal unirradiated mice.
Preparation of epidermal sheets Skin samples (0.5 3 0.5 cm) were
dissected from the murine ear and then incubated in phosphate-buffered
saline (PBS) containing 20 mM tetrasodiun ethylene-diaminetetra-acetic
acid (EDTA) at pH 7.4 for 2 h at 37°C. After the incubation, the
epidermis was separated from the dermis with the aid of ®ne forceps
under a dissecting microscope.
Dopa stain Epidermal sheets were incubated in 0.1% L-3,4-Dopa in
PBS for 4 h at 37°C. The sheets were then ®xed with 5% formaldehyde
solution, dehydrated by graded alcohol, cleared in xylene, and mounted
on glass slides with the dermal±epidermal junction facing up.
Immuno¯uorescence Epidermal sheets were ®rst ®xed in acetone
for 20 min at 4°C. The sheets were then washed in PBS followed by
overnight incubation with primary antibodies at 4°C. Primary antibodies
used in this experiment were an anti-mouse TRP-1 monoclonal
antibody (TMH-2 1:10; Tomita et al, 1991), a rabbit anti-mouse TRP-2
serum (alphaPEP8 1:100; Tsukamoto et al, 1992), a rabbit anti-mouse
Mitf serum (1:1000; Opdecamp et al, 1997), and an anti-mouse c-Kit
monoclonal antibody (3CI 1:100; Caltag Laboratories, Burlingame, CA).
After washing with PBS three times, the sheets were then incubated
with labeled secondary antibodies for 1 h at 4°C. Texas red-labeled goat
polyclonal antibody (Southern Biotechnology Associates, Birmingham,
AL) directed against rabbit immunoglobulin, and goat polyclonal
antibody conjugated with ¯uorescein (TAGO, Burlingame, CA)
directied against rat immunoglobulin were used as secondary antibodies.
The sheets were given a ®nal wash in PBS before being mounted. The
sheets were viewed with a 203 and 403 objective through a
¯uorescence microscope (Olympus, Tokyo, Japan).
BrdU immunostaining BrdU was administered to the peritoneal
cavity of mice in single doses of 20 mg per kg at 2 h before dissection of
the skin specimen. Epidermal sheets were prepared as described above
and were ®xed in acetone and then incubated in 2 N HCl for 30 min.
The sheets were neutralized with 0.1 M sodium tetraborate. After
washing with PBS, the sheets were then subjected to
immuno¯uorescence using a biotin labeled mouse anti-BrdU (1:50;
Zymed Laboratories, San Francisco, CA).
Quantitative evaluation Examination of all preparation was
performed under coded conditions by one investigator. Brie¯y, using a
203 objective, about 10 ®elds of view were randomly chosen for each
of the epidermal sheets and counted. The numbers of each of the
positive cells per square millimeter were then calculated.
RT-PCR analysis RNA extraction from epidermal sheet was
performed using an ISOGEN RNA extraction kit (Nippongene,
Toyama, Japan). For RT-PCR analysis, ®rst strand cDNA was reverse
transcribed from 1 mg of total RNA with AMV reverse transcriptase and
oligo dT-adapter primer supplied in a Takara RNA PCR kit (TaKaRa
Biomedicals, Tokyo, Japan) at 42°C for 30 min. After inactivation of the
reverse transcriptase at 99°C for 5 min, DNA ampli®cation was
performed with a Perkin-Elmer/cetus DNA thermal cycler (35 step
cycles: 94°C for 30 s, 60°C for 30 s, 72°C for 90 s). The sequences of
primer pairs we used were as follows; SCF 5¢ primer: 5¢-
GAATCTCCGAAGAGGCCAGAAACTAGATCCTTT-3¢, SCF 3¢
primer: 5¢-CGTCCACAATTACACCTCTTGAAATTCTCTCTC-3¢,
GAPDH 5¢ primer: 5¢-GAAGGTGAAGGTCGGAGTCAACG-3¢,
GAPDH 3¢ primer: 5¢-AGTCCTTCCACGATAACCAAAGTTG-3¢.
After ampli®cation, 10 ml of each sample was analyzed on 1.2±1.5%
agarose gel and visualized by ethidium bromide staining.
Blocking Kit signal A monoclonal antibody ACK45 (Pharmingen,
San Diego, CA), which is analogous to ACK2, an antagonistic blocker
of c-Kit function (Nishikawa et al, 1991), was administrated to ear
subepidermis of C57BL/6 mice in single doses of 30 mg everyday for 2 d
just after UV exposure. The epidermal sheets were prepared as described
above and were subjected to Mitf immuno¯uorescence at 2 d after UV
exposure, and to TRP-1 and Dopa staining at 14 d after UV exposure.
Control mouse was injected the rat immunoglobulin IgG instead of
ACK45.
RESULTS
Increase of melanocyte after a single UV exposure To
evaluate a melanogenetic effect of a single UV exposure, but not
repetitive UV exposure, which is usually applied for animal
experiments (Rosdahl and Szabo, 1978; Uesugi et al, 1979; Jimbow
and Uesugi, 1982), we ®rst examined the distributions of Dopa+
melanocytes in normal epidermis and UV-irradiated epidermis. In
normal epidermis, Dopa+ cells with long branching dendrites were
easily identi®ed (Fig 1a) and the cellularity was 41.0 cells per mm2
(Table I). Thus, the phenotypical and morphologic features
indicated that they are mature melanocytes. The numbers of
Dopa+ cells increased signi®cantly (Fig 1b) and its cellularity
reached 153 cells per mm2 (Table I) on the fourteenth day after a
single UV exposure at 0.18 J per cm2. This con®rmed that our
single UV exposure protocol suf®ciently induces melanocyte
proliferation.
Expression of melanocyte makers of different
developmental stages in UV-exposed epidermis We then
examined epidermal sheets before and after UV exposure
immunohistochemically using four antibodies against melanocyte-
Figure 1. Melanogenesis caused by UV exposure in C57BL/6
mouse. The mouse was irradiated with 0.18 per cm2 of energy of UVB.
Fourteen days after a single exposure, skin samples were dissected and
Dopa staining was performed. (a) The epidermal sheet of unirradiated
mouse; (b) UV-irradiated mouse. Scale bar: 100 mm.
Table I. Numbers of the Dopa-positive and








Dopa 41.0 6 9.2a ± 153.0 6 26.2
TRP-1 31.7 6 7.6 14.6 6 5.1 137.1 6 19.9
TRP-2 0.0 30.4 6 20.4 0.0
Mitf 1.6 6 0.8 81.5 6 20.1 0.5 6 0.7
c-Kit 26.7 6 8.2 0.2 6 0.4 6.9 6 6.2
aResults are expressed as the mean 6 SD, n = 6.
VOL. 116, NO. 6 JUNE 2001 KIT PRECURSOR MELANOCYTE AND MELANOGENESIS 921
speci®c molecules that are expressed at different developmental
states. In normal epidermis, TRP-1+ cells and Kit+ cells were
observed at the cellularities of 31.7 and 26.7 cells per mm2,
respectively (Table I). Kit+ cells had less and shorter dendrites
compared with TRP-1+ cells (Fig 2a, j). The Kit+ cells were also
observed in hair follicles (Fig 2j, arrow). Only a few Mitf+ cells and
no TRP-2+ cells were observed in normal epidermis (Fig 2d, g).
On the ®rst day after UV exposure, Mitf+ cells increased and
TRP-2+ cells appeared, whereas Kit+ cells and TRP-1+ cells
decreased (Fig 3). Both Mitf+ cells and TRP-2+ cells were round-
shaped without dendrites (Fig 2e, h). On the next day, Mitf+ cells
and TRP-2+ cells more increased and the cellularities reached to
81.5 and 30.4 cells per mm2, the maximum cellularities throughout
the observation, respectively (Table I). Thereafter they gradually
decreased and almost disappeared on the fourteenth day. The
decrease of TRP-1+ cells was observed until the fourth day after
UV exposure. During this period, most of TRP-1+ cells had
smaller cytoplasm and shorter dendrites than those in normal
epidermis (Fig 2b). The increase of TRP-1+ cells became obvious
on the ®fth day and the cellularity increased thereafter, reaching
137.1 cells per mm2 on fourteenth day, approximately four times as
many as that in normal control (Fig 2c, Table I). In parallel, the
shape of TRP-1+ cells changed and dendritic cytoplasmic projec-
tions became obvious gradually. In contrast, the decrease of Kit+
cells continued until the seventh day after UV exposure (Fig 3).
The cellularity of them increased slightly on the ninth day and
reached 6.9 cells per mm2, but it did not recover to control levels
even on the fourteenth day (Table I).
Because Kit and Mitf are expressed in mast cell lineage, these
Kit+ and/or Mitf+ cells might partially represent mast cells. Thus
we examined whether the epidermal sheets contained mast cells by
toluidineblue staining. We observed no mast cells in normal and
UV exposed epidermal sheets at any stage, whereas some mast cells
were identi®ed around capillaries of the dermis in cut sections
obtained from the same mice (data not shown). These results
indicated that mast cells were not involved in the epidermal sheets,
and strongly suggested that Kit+ and Mitf+ cells observed in the
epidermal sheets were in melanocyte lineage.
Increased Mitf+ cells coexpress Kit and BrdU proliferative
marker Signi®cant increase of Mitf+ cells until the second day
after UV exposure prompted us to investigate the origin of these
cells. As reciprocal decrease of Kit+ cells was observed during the
early period as indicated in Fig 3, we hypothesized that Kit+ cells
differentiated to Mitf+ cells. Thus, we examined whether or not
Kit+ cells also express Mitf on the ®rst day after UV exposure. As
shown in Fig 4, nuclear staining with anti-Mitf antibody was
observed in some Kit+ cells, whereas no cells that coexpressed Kit
and Mitf were observed in normal epidermis (data not shown).
About 7% of Mitf+ cells also expressed Kit at this stage. In contrast,
no TRP-1 and Mitf double positive cells were seen at this stage
(data not shown).
Next, we conducted BrdU labeling to reveal whether Mitf+ cells
observed on the ®rst day after UV exposure are proliferating.
Multicolor immuno¯uorescence with anti-BrdU antibody was
observed in some Mitf+ cells (Fig 4b). About 9% of Mitf+ cells
showed BrdU labeling at this stage. In contrast, no Kit and BrdU
double positive cells were seen at this stage (data not shown).
Because the obvious increase of TRP-1+ cells was ®rst observed
at 5 d after UV exposure, we also examined the possibility of the
proliferating potential of TRP-1+ cells in this stage; however, there
were no cells that coexpressed TRP-1 and BrdU after day 5
(Fig 4c).
Increase of the SCF mRNA expression after UV
exposure To clarify the relevancy of the Kit receptor for UV-
induced melanocytegenesis, we examined the gene expression of its
ligand SCF using RT-PCR in mouse epidermal sheets after UV
exposure. Each specimen was obtained before and 5 h, 1 d, 2 d, and
5 d after UV irradiation. Total RNA was immediately extracted
from epidermal sheet and applied for RT-PCR as described in the
Materials and Methods. As shown in Fig 5, 459 and 375 bp products
were ampli®ed from the samples on the ®rst, second, and ®fth days
after UV irradiation, whereas only faint 459 bp bands could be
ampli®ed from the nonirradiated samples and samples at 5 h after
UV irradiation. These ampli®ed products were con®rmed to have
expected restriction sites, and the 459 and 375 bp products were
Figure 2. Changes of cell populations positive for four
melanocyte markers in UV-exposed epidermis. Epidermal sheets
were prepared from normal mice (a, d, g, j) and mice at 2 d (b, e, h, k)
and 14 d after UV exposure (c, f, i, l), and then stained for TRP-1 (a±c),
TRP-2 (d±f), Mitf (g±i), and Kit (j±l). Scale bar: 45 mm.
Figure 3. Mitf+ and TRP-2+ cells appear before TRP-1+ cells
increase after UV exposure. Epidermal sheets were prepared from
unirradiated mice (day 0) and mice at 1±14 d after UV exposure, and
stained for each melanocyte markers. The numbers of positive cells per
mm2 were calculated (mean 6 SEM; n = 6).
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considered to correspond to transcripts for the soluble form and the
transmembrane form of SCF, respectively. These data indicated that
the expression of the SCF mRNA in mouse epidermis was
upregulated after UV irradiation, and, thus, suggested that the
activation of Kit receptor could occur as early as 1 d after UV
irradiation.
Blocking of Kit function attenuated UV-induced
melanocytegenesis To see wheather Kit antagonistic
blocking antibody can block the melanocytegenesis after UV
exposure, we used a monoclonal antibody ACK45 and
evaluated the effect of ACK45 on the increase of Mitf+,
TRP-1+, and Dopa+ cells after UV exposure. As shown in
Fig 6, the number of Dopa+ cells in an ACK45 injected
epidermal sheet (Fig 6b) was less than that in a control IgG
injected epidermal sheet (Fig 6a). The cellularities of Mitf+
cells, TRP-1+ cells, and Dopa+ cells in ACK45-injected mice
signi®cantly decreased in contrast to noninjected control mice
(Fig 6c), whereas that of IgG-injected mice did not change.
These data indicated that blocking of Kit signaling attenuated
UV-induced transition of melanocyte precursors into mature
melanocytes.
DISCUSSION
In this study, we con®rmed that Kit+ cells as well as TRP-1+ cells
reside in normal mouse epidermis, and demonstrated that TRP-1+
cells increased after UV exposure preceded by a remarkable
decrease of Kit+ cells and a transient increase of Mitf+ cells and
TRP-2+ cells. Morphologic and phenotypical features indicated
that Dopa+ or TRP-1+ cells in normal epidermis are fully
differentiated, mature melanocytes. In contrast, Kit+ cells were
round-shaped or having short cytoplasmic processes only occa-
sionally. Nishikawa et al revealed that the Kit receptor is critical for
murine melanocyte development before the cells of this lineage
obtain a differentiated phenotype associated with melanogenesis
(Nishikawa et al, 1991). Grichnik et al suggested that Kit+, bcl-2+,
and TRP-1± cells, prevalent in the lower half of the follicular
infundibula in normal human skin, constituted a reserve population
of melanocyte precursors (Grichnik et al, 1996). Thus it is
conceivable that Kit+ cells demonstrated in this study are murine
counterparts of human melanocyte precursors.
The following study on epidermal sheets after UV exposure
strongly supported that these Kit+ cells contribute to the
melanocytegenesis as melanocyte precursors. In early stages, i.e.,
until the ®fth day after UV exposure, a remarkable increase of
Mitf+ cells was observed, whereas Kit+ cells and TRP-1+ cells
almost disappeared. Mitf, a basic-helix-loop-helix-zipper transcrip-
tion factor, is considered as an important determinant of
melanocyte lineage regulating the expression of the several genes
coding melanogenetic enzymes, including tyrosinase and TRP-1
(Yasumoto et al, 1997). Thus the expression of Mitf is considered to
be necessary for melanin production in melanocyte lineage. The
coexpression of Mitf in Kit+ cells observed on the ®rst day after UV
exposure is therefore considered to indicate that some Kit+ cells
obtained the melanogenetic phenotype. In addition, BrdU labeling
indicated that these Mitf+ cells were proliferating, whereas mature
TRP-1+ cells were not. Then, following the expansion of
melanoblasts identi®ed as Mitf+ and/or TRP2+ cells, a signi®cant
increase of melanocyte with a mature phenotype expressing TRP-1
was observed. Although the possibility that increased Mitf+ cells in
the epidermis were recruited from the dermis cannot be excluded, a
previous report suggested that the dermal melanocytes did not
contribute much to the increase of melanocytes in the epidermis
Figure 4. Identi®cation of Kit, Mitf double positive cells and
Mitf, BrdU double positive cells at 1 d after UV exposure.
Epidermal sheets were prepared from mice at 1 and 5 d after single
administration of UV exposure. Double immunolabeling were
performed as in Materials and Methods. (a) Superimposed image of Kit
(green) and Mitf (red). Double positive cells are indicated by arrows.
(b) Superimposed image of Mitf (red), BrdU (green), and double
positive cells (yellow, arrows) at 1 d. (c) Superimposed image of
TRP-1 (green) and BrdU (red) at 5 d. Scale bars: (a) 20 mm; (b)
14 mm; (c) 16 mm.
Figure 5. UV irradiation induced high expression of the SCF
mRNA in mouse epidermis. Skin specimens were obtained from
mouse ear before and 5 h, 1 d, 2 d, and 5 d after UVB irradiation. Total
RNA extracted from mouse epidermal sheet was reverse-transcribed
using oligo dT as a primer. PCR was performed with the SCF primer
set or GAPDH primer. Products of 459 bp DNA represent a soluble
form and products of 375 bp DNA a transmembrane form of SCF,
respectively.
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after UVB irradiation (Uesugi et al, 1979). In addition, we
identi®ed only a few Mitf+ cells in postnatal mouse dermis in an
earlier study (Nakayama et al, 1998 and unpublished observation).
Thus increased Mitf+ cells after UV exposure were considered not
to be recruited from the dermis, but were most likely derived from
Kit+ cells in the epidermis.
The remarkable decrease of Kit+ cells, however, made it
dif®cult to evaluate whether most Mitf+ melanoblasts were
derived from Kit+ cells. A similar decrease of Kit reactive
melanocytes was previously reported in human skin xenografts
after Kit activation by SCF (Grichnik et al, 1998). Biochemical
experiments indicated that Kit molecules are internalized and
degraded after activation by SCF in mast cells (Shimizu et al,
1991). It is possible that the reduction of Kit expression
represented an activation of SCF/Kit signaling caused by UV
exposure, whereas induced differentiation of Kit+ cells resulted
in upregulation of Mitf expression. Kit, Mitf double-positive
cells have also been identi®ed in mouse embryos and in neural
crest culture (Opdecamp et al, 1997; Nakayama et al, 1998). In
mouse embryos, coexpression of Kit and Mitf was observed in
migrating neural crest cells that seem proliferating and differ-
entiating to melanocyte in their pathway (Nakayama et al,
1998). In neural crest culture, Kit, Mitf double-positive cells
were observed at 1 and 2 d after explantation (Opdecamp et al,
1997). The expression levels of Kit were variable among cells,
and cells expressing Kit at high level as well as Mitf consisted a
partial population of each of Kit+ cells and Mitf+ cells,
suggesting that they are in a transient differentiating state in
melanocyte lineage (Opdecamp et al, 1997). Thus the fact that
only 7% of Mitf positive cells expressed Kit as well at a high
level in this study, does not necessarily indicate that only 7% of
Mitf positive cells were derived from Kit positive cells.
In a previous study, SCF has been reported to drive the
proliferation of mice melanocyte precursors, which express Kit
receptor (Reid et al, 1995). SCF/Kit pathway plays a critical
role in the control of normal human melanocyte homeostasis
(Grichnik et al, 1998). In systemic sclerosis patients skin, which
is characterized by hyperpigmentation and itching, marked
expression of SCF was observed in the epidermis and the
dermis (Kihara et al, 1999). Moreover the epidermal keratino-
cytes in mice skin are proved to produce SCF (Kunisada et al,
1998), and are considered to be major suppliers of SCF in the
epidermal sheets. Thus, increased expression of SCF mRNA
indicated in our results suggested that UV exposure induced
upregulation of SCF production by keratinocytes. In addition,
antibody ACK45, which is very similar to ACK2 in function
(Nishikawa et al, 1991), deteriorated the generation of Mitf+
cells at 2 d after UV exposure and following an increase of
TRP-1+ or Dopa+ mature melanocyte. These data suggested
that SCF/Kit signaling is critical for melanocyte proliferation
and further supported that Kit+ melanocytes are responsible for
melanocytegenesis after UV exposure as precursor cells. The fact
that the decreasing ratios of Mitf+, TRP-1+, and Dopa+ cell
numbers were similar, provided further evidence that these cells
were in the same lineage.
Until now, no direct link between SCF/Kit signaling and the
regulation of Mitf expression has been reported, although phos-
phorylation and activation of Mitf by SCF/Kit signaling has been
described (Hemesath et al, 1998). The expressions of Mitf and Kit
are considered to be mutually independent in the melanocyte
development (Opdecamp et al, 1997). In this study, however, SCF/
Kit activated pathway was most likely responsible for the induction
of Mitf expression after UV exposure. Alternatively, other
stimulating factors such like basic ®broblast growth factor
(bFGF), endothelin-1 (ET1), and/or melanocyte stimulating hor-
mone (MSH) may induce melanocyte differentiation by inducing
Mitf expression. Further investigation is necessary to settle the
question.
We show a hypothetical scheme of melanocyte proliferation
caused by UV exposure in Fig 7. In normal epidermis, TRP-1+
mature melanocytes and Kit+ melanocyte precursors are identi®ed.
SCF is released by keratinocytes (Kunisada et al, 1998) and activates
Kit receptor on melanocyte precursors following UV exposure.
Then, Kit+ melanocyte precursors ®rst differentiate into Mitf+ and
TRP-2+ melanoblasts that have proliferating potential, then
become mature TRP-1+ melanocytes, which recapitulates the
differentiation steps of melanocytes in normal development. The
pre-existing TRP-1+ melanocytes do not have proliferating
potential and cannot be involved in such a new melanocytegenesis.
Figure 7. Proposed process of UV-induced melanogenesis.
Figure 6. ACK45 attenuated melanogenesis after UV exposure.
ACK45 (30 mg per day) was injected to mouse ear skin for 2 d just after
UV exposure. Skin samples were dissected at day 2 and day 14 and were
subjected to Mitf, TRP-1, or Dopa staining. The numbers of positive
cells per mm2 were calculated and then indicated as a percentage for the
value of noninjected control mice, respectively (mean 6 SEM; n = 5, *p
< 0.05). Dopa+ melanocytes in the epidermal sheet of rat IgG-injected
mouse (a), and ACK45-injected mouse (b). Relative cell numbers of
Mitf+, TRP-1+, and Dopa+ melanocytes in IgG-injected specimen and
ACK45-injected specimen (c). Scale bar: 25 mm.
924 KAWAGUCHI AND NAKAYAMA THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
We would like to thank Dr. H. Arnheiter for kindly providing the Mitf antibody,
Dr. Y. Tomita for kindly providing the TMH-2 antibody, and Dr. V.J. Hearing
for kindly providing the alpha PEP8 antibody. We also thank Dr. H. Tanaka and
Dr. M. Kishi for advice and discussions.
REFERENCES
Abdel-Malek Z, Swope V, Smalara D, Babcock G, Dawes S, Nordlund J: Analysis of
the UV-induced melanogenesis and growth arrest of human melanocytes.
Pigment Cell Res 7:326±332, 1994
Gilchrest BA, Blog FB, Szabo G: Effect of aging and chronic sun exposure on
melanocytes in human skin. J Invest Dermatol 73:141±143, 1979
Grichnik JM, Ali WN, Burch JA, Byers JD, Garcia CA, Clark RE, Shea CR: KIT
expression reveals a population of precursor melanocytes in human skin. J Invest
Dermatol 106:967±971, 1996
Grichnik JM, Burch JA, Burchette J, Shea CR: The SCF/KIT pathway plays a
critical role in the control of normal human melanocyte homeostasis. J Invest
Dermatol 111:233±238, 1998
Hemesath TJ, Roydon Price E, Takemoto C, Badalian T, Fisher DE: Map kinase
links the transcription factor Microphthalmia to c-Kit signalling in
melanocytes. Nature 391:298±301, 1998
Imokawa G, Kawai M, Mishima Y, Motegi I: Defferential analysis of experimental
hypermelanosis induced by UVB, PUVA, and allergic contact dermatitis using
a brownish guinea pig model. Arch Dermatol Res 278:352±362, 1986
Jimbow K, Uesugi T: New melanogenesis and photobiological processes in
avtivation and proliferation of precursor melanocytes after UV-exposure:
ultrastructural differentiation of precursor melanocytes from Langerhans cells. J
Invest Dermatol 78:108±115, 1982
Kihira C, Mizutani H, Asahi K, Hamanaka H, Shimizu M: Increased cutaneous
immunoreactive stem cell factor expression and serum stem cell factor level in
systemic scleroderma. J Dermatol Sci 20:72±78, 1999
Kunisada T, Lu S-Z, Yoshida H, et al: Murine cutaneous mastocytosis and epidermal
melanocytosis induced by keratinocyte expression of transgenic stem cell factor.
J Exp Med 187:1565±1573, 1998
Medrano EE, Im S, Yang F, Abdel-Malek ZA: Ultraviolet B light induces G1 arrest
in human melanocytes by prolonged inhibition of retinoblastoma protein
phosphorylation associated with long-term expression of the p21 Waf-1/SDI-
1/Cip-1 protein. Cancer Res 55:4047±4052, 1995
Mishima Y, Widlan S: Enzymically active and inactive melanocyte populations and
ultraviolet irradiation: combined dopa-premelanin reaction and electron
microscopy. J Invest Dermatol 49:273±281, 1967
Nakayama A, Nguyen M-TT, Chen CC, Opdecamp K, Hodgkinson CA, Arnheiter
H: Mutations in microphthalmia, the mouse homolog of the human deafness
gene MITF, affect neuroepithelial and neural crest-derived melanocytes
differently. Mechanisums Dev 70:155±166, 1998
Nishikawa S, Kusakabe M, Yoshinaga K, et al: In utero manipulation of coat color
formation by a monoclonal anti-c-kit antibody: two distinct waves of c-kit-
dependency during melanocyte development. EMBO J 10:2111±2118, 1991
Opdecamp K, Nakayana A, Nguyen M-TT, Hodgkinson CA, Pavan WJ, Arnheiter
H: Melanocyte development in vivo and in neural crest cell culture: crucial
dependence on the Mitf basic-helix-loop-helix-zipper transcription factor.
Development 124:2377±2386, 1997
Quevedo WC Jr, Szabo G, Virks J, Sinesi SJ: Melanocyte populations in UV-
irradiated human skin. J Invest Dermatol 45:295±298, 1965
Reid K, Nishikawa S, Bartlett PF, Murphy M: Steel factor directs melaocyte
development in vitro through selective regulation of the number of c-kit+
progenitors. Dev Biol 169:568±579, 1995
Rosdahl IK, Szabo G: Mitotic activity of epidermal melanocytes in UV-irradiated
mouse skin. J Invest Dermatol 70:143±148, 1978
Rosen CF, Seki Y, Farinelli W, Stern RS, Fitzpatrick TB, Pathak MA, Gange RW:
A comparison of the melanocyte response to narrow band UVA and UVB
exposure in vivo. J Invest Dermatol 88:774±779, 1987
Shimizu Y, Du Ashman LKZ, Schwartz LB: Internalization of Kit together with stem
cell factor on human fetal liver-derived mast cells: new protein and RNA
synthesis are required for reappearance of kit. J Immunol 156:3443±3449, 1991
Tomita Y, Shibahara S, Takeda A, Okinaga S, Matsunaga J, Tagami H: The
monoclonal antibodies TMH-1 and TMH-2 speci®cally bind to a protein
encoded at the murine b-locus, not to the authentic tyrosinase encoded at the
c-locus. J Invest Dermatol 96:500±504, 1991
Tsukamoto K, Jackson I, Hearing V: DOPAchrome tautomerase: identi®cation of its
gene and catalytic activity. EMBO J 11:519±526, 1992
Uesugi T, Katoh M, Horikoshi T, Sugiyama S, Jimbow K: Mode of activation and
differentiation of dormant melanocytes after UV exposure of mouse skin.
Pigment Cell 4:337±344, 1979
Wehrle-Haller B, Weston JA: Soluble and cell bound forms of steel factor activity
play distinct roles in melanocyte precursor dispersal and survival on the neural
crest migration pathway. Development 121:731±742, 1995
Yasumoto K, Yokoyama K, Takahashi K, Tomita Y, Shibahara S: Functional analysis
of microphthalmia-associated transcription factor in pigment cell speci®c
transcription of the human tyrosinase family genes. J Biol Chem 272:503±509,
1997
VOL. 116, NO. 6 JUNE 2001 KIT PRECURSOR MELANOCYTE AND MELANOGENESIS 925
